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ABSTRACT
The relevance of a dilaton eld to the cosmological constant problem
is examined from a macroscopic point of view. A special class of dilaton
potentials is shown to possess an interesting reparametrization invariance,
which might explain why the cosmological constant is so small. It is ar-
gued that, in a sense, this reparametrization invariance is an exact classical
symmetry of superstrings. Simple dimensional arguments based on this sce-
nario are shown to have interesting implications, including the prediction
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2Weyl invariance has been considered often in the literature as a possible solution to the
cosmological constant problem
1
. If Weyl invariance is realized in Wigner-Weyl mode, then
all dimensional parameters necessarily vanish. However, if Weyl symmetry is spontaneously
broken, then only one dimensional parameter need be small, the dilaton mass [2]. Since
the dilaton carries the quantum numbers of the vacuum, its potential plays the role of an
eective cosmological constant. Might the dynamics of a dilaton then be responsible for
the smallness of the cosmological constant? I will rst review the conventional wisdom,
and then discuss some novel ideas.
Consider a global Weyl (scale) transformation:
g

 ! e
 2
g

  ! + M
 
i
 ! e
D
i
 
i
:
(1)
General coordinate invariance, which is assumed, relates this transformation to one in
which the coordinate scales, rather than the metric [3].  
i
is a general eld coordinate
with scale dimension matrix D
i
. The dilaton  can be thought of as the Goldstone bo-
son of broken Weyl invariance, as suggested by its transformation law. M is then the
scale of spontaneous symmetry breaking. (In what follows, M is scaled out for notational
convenience.)
An interesting feature of this symmetry is that anomalies play a central role in its
realization. This can be seen by way of the following argument [4]. A Weyl invariant
potential will satisfy V (

) = 
4
V (

); where

is a scalar eld with canonical scale di-
mension. It follows that V has a minimum at the origin, V is at, or V is unbounded
from below. Therefore, a scalar eld in a Weyl invariant theory can have a non-vanishing
vacuum expectation value (VEV) if either (i) the potential is at, or (ii) the Weyl sym-
metry is anomalous. A linearly transforming eld is readily constructed out of :

 e

.
Since h

i 6= 0 for nite
2
hi, if there is a non-trivial equilibrium point, either the dilaton
is a pseudo-Goldstone boson or the dilaton potential is at. This implies that if a dilaton
solves the cosmological constant problem, the cosmological constant is not identically zero,
since there always exists a scale at which the dilaton can be integrated out. (For exam-
ple, in the absence of the dilaton there would be nothing to protect the vacuum against
electromagnetic and gravitational uctuations.) On general grounds, one would expect

VAC
' (m

)
4
. A rough cosmological bound [1] on 
VAC
then implies m

<

10
 12
GeV:
The cosmological constant is very small at macroscopic scales. Therefore, a eld-
theoretic analysis with any number of massive elds is, in a sense, counterproductive, since,
if one found a mechanism which implied a vanishing vacuum energy in such an eective
theory, one would still have to integrate out all massive modes in order to verify that the
mechanism persists at the relevant scale. This point of view assumes the usual eective
theory paradigm; i.e., one can always describe a particular physical phenomenon at the
characteristic scale at which the phenomenon is relevant, without having to understand
physics at other scales [5]. Evidently, there are no known phenomena which vitiate this
1 See Ref. 1 for extensive references.
2 Here I ignore the possibility of a \runaway" minimum.
3principle. With this in mind, consider an eective eld theory with all the massive particles
in nature, except the dilaton, integrated out. The cuto can be taken as the electron mass.
For simplicity, I will rst consider a toy model in which all Weyl symmetry breaking
terms in the potential transform like the generic conformal anomaly
 (g)
2g
F
a

F

a
+m
m
(g)

		; (2)
where there is an implicit sum over all gauge and matter elds. The eective matter action
takes the form
S
m
[; g] =  
Z
d
4
x
p
g V () =
Z
d
4
x
p
g f e
4
[
0
+ 
1
+ e
 

2
]g (3)
where V () is the potential, and 
0
, 
1
, and 
2
are c-number coecients. It is a straight-
forward excercise to show that the second and third terms in Eq. (3) transform like the
rst and second term in Eq. (2), respectively. The Einstein action
3
,
S
E
[g] =  
1
2
2
Z
d
4
x
p
g R; (4)
can be madeWeyl invariant by the replacementR! Re
2
, and yet there is little motivation
to do so. Here it is treated as an additional symmetry breaking term
4
. The total action
is then S[; g] = S
E
[g] + S
m
[; g] + :::; where the dots include all derivative (including the
dilaton kinetic term), and higher dimensional interactions of the dilaton, graviton, and
photon, consistent with the assumed symmetries.
An equilibrium solution |constant in space and time| to the dilaton eld equation
can be found such that
0 = 4
0
+ (4
o
+ 1)
1
+ 3
2
e
 
o
: (5)
However, this is not the condition for a vanishing cosmological constant. The condition
for a at space solution of the Einstein equation is
0 = 
0
+ 
o

1
+
2
e
 
o
: (6)
This constitutes the usual \no-go" theorem. Evidently, Weyl symmetry, in itself, is not
enough to ensure a vanishing cosmological constant [1,6,7]. Nevertheless, one might con-
sider the signicance of what is missing. Eqs. (5) and (6) imply 
1
= 
2
e
 
o
. Under an
innitesimal Weyl transformation, the matter action transforms as
S
m
[; g]!
~
S
m
[; g] = S
m
[; g] + 
Z
d
4
x
p
g f e
4
[
1
 
2
e
 
]g: (7)
Therefore, the extra condition obtains if the matter action is constrained to be Weyl
invariant at the stationary point, or equivalently, if the vacuum is an infrared xed point.
3 Throughout, I follow the conventions of Ref. 1.
4 For consistency one should include a term e
 2

3
in (the square brackets of) the
potential which transforms like the Einstein action. However, its inclusion adds no insight
to the analysis.
4It is encouraging that there is an enhanced symmetry in the absence of vacuum energy,
albeit at a preferred point in eld space. Nevertheless, in order that this condition be
truly natural, it should emerge as a consequence of a symmetry of the eective theory.
This raises the question which will be the focus of this letter: Does the action have any
symmetry |other than that implied by a Weyl rescaling of the elds| and if so, what is
its signicance?
The renormalization group suggests that one should take all invariances of the action
seriously, including those that do not involve transformations on elds. For example, in a
generic loop expansion, the existence of the renormalization group is manifest by way of
a reparametrization invariance; the eective action is invariant under a combined shift of
coupling constants and logarithmic scale. In this spirit, note that the dilaton potential,
dened in Eq. (3), is invariant under the transformation:
  ! + a

0
 ! e
 4a
(
0
  a
1
)

1
 ! e
 4a

1

2
 ! e
 3a

2
(8)
where a is an arbitrary constant. The signicance of this reparametrization invariance is
well known. Since a shift in the dilaton eld can be absorbed into a redenition of the
undetermined parameters in the potential, the value that one assigns the dilaton VEV, 
o
,
is a matter of convention. It is convenient to eliminate 
0
by the equation of motion, and
reexpress the action in the form
S
m
[; g] =
Z
d
4
x
p
g f e
4( 
o
)
[d
1
(  
o
 
1
4
) + d
2
(e
 ( 
o
)
 
3
4
)]g; (9)
where d
1
 
1
e
4
o
and d
2
 
2
e
3
o
. d
1
and d
2
are, by construction, invariant under the
transformation of Eq. (8), and so this action is manifestly invariant under the transforma-
tion
  ! + a

o
 ! 
o
+ a:
(10)
In this \basis", the relation between reparametrization invariance and the freedom in choice
of 
o
is manifest. The vacuum energy |which is a real measurable quantity in the presence
of gravity| takes the simple (
o
-independent) form: hT


i = d
1
  d
2
:
Any symmetry transformation relevant to the cosmological constant problem necessar-
ily involves the metric. With this in mind, note that the matter action, Eq. (3), is also
invariant under the transformation
5
:
  ! + a
g

 ! e
 2a
g


0
 ! 
0
  a
1

2
 ! e
a

2
:
(11)
5 Since any arbitrary rescaling of the metric can be compensated by a rescaling of the

i
, this invariance is implied by the invariance of Eq. (8)
5Here, the undetermined parameters have a natural interpretation as vacuum expectation
values of elds; i.e., 
0;2
/ h	
0;2
i. 	
0
transforms like a dilaton, whereas 	
2
transforms
like a scalar with canonical scale dimension. It is again convenient to eliminate 
0
by the
equation of motion and reexpress the action in the form
S
m
[; g] =
Z
d
4
x(
p
ge
4
o
) f e
4( 
o
)
[
~
d
1
(  
o
 
1
4
) +
~
d
2
(e
 ( 
o
)
 
3
4
)]g; (12)
where
~
d
1
 
1
and
~
d
2
 
2
e
 
o
.
~
d
1
and
~
d
2
are, by construction, invariant under the
transformation of Eq. (11), and so in the new basis, the matter action is manifestly invariant
under the transformation
  ! + a
g

 ! e
 2a
g


o
 ! 
o
+ a:
(13)
A priori, this transformation is not a symmetry of the full theory, since the Einstein action,
Eq. (4), is not an invariant. Moreover, the rescaling of the metric renders the vacuum
energy 
o
-dependent: hT


(
o
)i = e
4
o
(
~
d
1
 
~
d
2
): It is, however, possible to realize this
symmetry on the full theory, by constraining the matter action to vanish at the stationary
point; i.e.,
~
d
1
=
~
d
2
. Although the Einstein action is rescaled by the transformation, the
Einstein equation, R

= 0, is clearly an invariant (at spacetime looks the same at all
scales), and so the full theory respects the symmetry if the gravitational eld is treated
classically. One might expect the overall normalization of the Einstein action to become
relevant when higher dimensional operators like R
2
become important
6
. It is therefore
gratifying that on general grounds this operator is suppressed relative to the Einstein term
by a factor q
2
=M
2
p
, where q  m

is a characteristic momentum in the eective theory.
Hence, in this toy eective theory the cosmological constant is a natural parameter |in
the sense of 't Hooft [9]| since if it vanishes, there is an enhanced symmetry under the
transformation of Eq. (13).
Now consider the general case. It is instructive to see how a vanishing vacuum energy
obtains if one assumes that the transformation of Eq. (13) is a symmetry of the macroscopic
eective theory. Note that in the toy model, for nite values of 
o
, hT


(
o
)i is independent
of 
o
if and only if it vanishes. This suggests that the vacuum energy might vanish by
an equation of constraint. Consider the classic example of reparametrization invariance:
electrodynamics. Gauge invariance renders the time component of the vector potential, A
o
,
arbitrary. So one can always choose A
o
= 0. However, one must also impose the condition,
S=A
o
= 0 (Gauss's law), as an equation of constraint. In the present context, consider
the following general argument with any number of anomalies, N
a
. Reparametrization
invariance of the matter action can be expressed via the Ward identity:
0 = g

S
m
g

+ 
S
m

+
X
i

i
S
m

i
; (14)
where i ranges from 0 to N
a
. The 
i
represent the undetermined dimensional parameters
in the matter action. The existence of a non-trivial equilibrium point implies
6 Note that this operator is present even if the gravitational eld is not quantized [8].
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Figure 1: The dilaton potential.
0 = g

S
o
m
g

+
X
i

i
S
o
m

i
; (15)
where the superscript signies that the action is evaluated at the equilibrium point. The
freedom in choice of 
o
can be expressed via the chain rule as
S
o
m

o
=
X
i

i

o
S
o
m

i
=
S
o

o
: (16)
In the last step, use has been made of the fact that the Einstein action has no dilaton
dependence. The denition of the energy-momentum tensor can then be used to obtain
hT


i =
1
p
g
S [
o
; g]

o
: (17)
Since the assumed reparametrization symmetry (Eq. (13)) implies that the eective theory
is invariant under relabelings of 
o
, the equation of constraint is hT


i = 0. An appealing
feature of this argument is that, at least in principle, the matter action can respect the
Ward identity in the presence of all quantum eects. Several general comments are in
order. Clearly if the metric does not transform, the constraint equation is automatically
guaranteed by the Ward identity. We must have N
a
> 0 in order that an equilibrium
point exist. However, it is easy to convince oneself that unless N
a
 2, the system is
overconstrained and the potential vanishes. This is reasonable since anomaly cancellation
in the vacuum of the low-energy theory requires at least 2 distinct anomalies. The toy
matter action, subject to the equation of constraint, can be expressed in the invariant form
S
m
[; g] =
Z
d
4
x(
p
ge
4
o
) fm
2
M
2
e
4( 
o
)
[1  (  
o
)   e
 ( 
o
)
]g; (18)
where m
2
=m
2

when 
o
= 0. The potential is plotted in Figure 1.
7What has been gained by this analysis? The name of the game is to nd a symmetry
principle which implies a vanishing cosmological constant at macroscopic scales. This anal-
ysis has identied a reparametrization invariance, Eq. (13), which appears to accomplish
this task. The questions of interest are then: (i) Why should the macroscopic eective the-
ory respect this reparametrization invariance? and (ii) What is the origin of the dilaton?
One possibility is explored below.
A generic property of string theory is the existence of a massless mode, the dilaton,
which acts as the string coupling constant [10]. In superstring theories the graviton and
the dilaton are in the same supermultiplet, and therefore the dilaton is constrained to be
massless above the scale of supersymmetry breaking, m
SUSY
. Furthermore, supersym-
metry forbids an arbitrary potential. There is thus a large vacuum degeneracy. These
vacua are related by a classical scale invariance, which is an exact property of superstring
theory [11]. The scale invariance is spontaneously broken when a VEV is chosen for the
dilaton. There is then an implicit reparametrization invariance, since a scale transforma-
tion relates inequivalent vacua, which are labeled by the dilaton VEV (cf., Eq. (13)). The
classical scale invariance is broken by quantum eects, which presumably break supersym-
metry and lift the vacuum degeneracy. However, might the reparametrization invariance
be maintained in the presence of a non-vanishing dilaton potential? The classical |
and implicit| reparametrization invariance which relates inequivalent vacua could take
the form of an explicit reparametrization invariance which relates equivalent vacua, as
in the toy model discussed above. This conjecture is not inconsistent with other model-
independent expectations. The dilaton is expected to have an exponential potential below
m
SUSY
with certain general characteristics [12]. If the potential is perturbative in the
string coupling constant, g
s
= e

, it should be an expansion in g
2
s
with model-dependent
coecients (determined by the mechanism that breaks supersymmetry). Non-perturbative
eects would appear in powers of 1=g
2
s
. Moreover, the potential should vanish as !  1,
which corresponds to the weak coupling limit (as in Figure 1). Presumably, a potential
with the necessary properties can arise only if string theory is strongly coupled, since
leading order cannot yield a nite VEV [13]. Of course, if the dilaton becomes massive
at a microscopic scale, then its eect will decouple from the macroscopic physics that we
are interested in. On the other hand, there has not been much interest in the possibility
of a strictly massless superstring dilaton, because this scenario is severely constrained by
observation
7
.
The fundamental bound on the dilaton mass is the observational bound on 
VAC
, as
mentioned above. Roughly, one would expect [1] 
VAC
<


C
, which implies m

<

(
C
)
1
4
'
10
 12
GeV (
C
is the critical energy density). Now consider the dilaton potential. On
general grounds, one would expect m
2

M
2
' 
4
, where  is the largest characteristic scale
generated by the Weyl anomaly [3]. Consider a superstring dilaton. The dilaton and the
graviton are now of common origin, and soM =M
p
. Since the dilaton is expected to aquire
a potential and therefore a mass at m
SUSY
, it follows that m
2

M
2
p
' m
4
SUSY
: This relation
is consistent with the expectation [12] that the weakness of the dilaton potential |whose
strength here is governed by m

=M
p
| could explain the hierarchy of scales. One further
expects m
SUSY
>

4v; where v is the weak scale, and 4v is a naive dimensional estimate
7 See, however, Ref. 14.
8of the electroweak symmetry breaking scale. This relation implies a theoretical lower
bound on the mass of a superstring dilaton, m

>

10
 12
GeV: Low-energy supersymmetry
breaking, m
SUSY
' 4v, is then the only choice consistent with the cosmological bound
on m

. This choice has interesting cosmological implications. The vacuum energy is

VAC
'
 
m


4
'

m
2
SUSY
M
p

4
'
 
10
 12
GeV

4
 
C
: (19)
Theoretically this identity is interesting because it relates the hierarchy of scales to the large
scale properties of the universe in a natural way. Moreover, cosmologies with 
VAC
 
C
have many attractive features [15]. In particular, cold dark matter models with 

VAC
'
0:8 (
 = 1) are consistent with a wide variety of observations [16]. For example, it
is well known [17] that this is precisely what one needs in order to reconcile the recent
measurement of the extragalactic distance scale [18] with estimated ages of galactic globular
structures [19]. Pierce and collaborators [18] have extracted a Hubble constant of H
o
=
87 7 kms
 1
Mpc
 1
, which is conict with the age estimate of 16:5 2Gyr of Ref. 19, if
one works in a at universe with no cosmological constant. If one allows both matter and a
positive cosmological constant (

VAC
+

MATTER
= 1), these measurements are consistent
if 

VAC
' (0:8  0:9) (see Figure 2).
There is, however, a problem with this simple and apparently self-consistent point of
view. At an earlier epoch, one would expect the dilaton to be shifted from its minimum by
nite-temperature eects, or by ination. Coherent oscillations about the minimum could
lead to an epoch in which the dilaton dominates the energy density of the universe [21-23].
Here one would expect
8
 

 m
3

=M
2
p
which leads to t

 10
33
t
u
, where t
u
is the age of the
universe, and so the dilaton is eectively stable. Hence the \misalignment" energy, acting
as a form of dark matter, could overclose the universe in the present epoch, in contradiction
with observation. Although this problem renders the possibility of a light dilaton less
attractive, the mechanism for a vanishing vacuum energy described above might also act
as a natural damping mechanism, since evidently reparametrization invariance constrains
the dilaton to be at or very near its zero-curvature minimum. ( Presumably ination would
have to be driven by other elds.) Moreover, that these issues should be interrelated is
appealing, since it is dicult to envision a solution of the cosmological constant problem,
which is consistent with the eective theory paradigm, and yet does not involve at least
one light scalar eld with couplings of gravitational strength
9
.
Lastly, consider bounds that arise from short distance tests of Newtonian gravity.
In order to extract an observational bound for the dilaton mass, one must estimate the
coupling strength of the dilaton to matter. This is accomplished by considering variations
in the strong coupling scale expected from string inspired dilaton-matter couplings [3,14].
The relevant experiments in the millimeter-centimeter range are of \Cavendish" type,
which probe deviations from the inverse-square law. The authors of Ref. 14 have calculated
a lower bound on the mass of a tree level string dilaton using the data of Ref. 24. At the 2
level they nd m

>

1:6 10
 12
GeV . Using a similar estimate for the coupling strength,
8 Note, though, that tree-level dilaton couplings to gauge elds and matter could be
substantially altered by non-perturbative/string-loop eects [14,23].
9 See also Ref. 22.
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Figure 2: Plot of H
o
t
o
vs. 

V AC
. The curve is the theoretical predic-
tion [20] for a at Friedmann-Robertson-Walker spacetime with 

VAC
+


MATTER
= 1. The shaded band corresponds to the measured quantities:
H
o
= 87 7 kms
 1
Mpc
 1
[18], t
o
= 16:5 2Gyr [19].
the authors of Ref. 25 placed a lower bound on the mass of a superstring dilaton based
on Eotvos-type experiments and satellite observations, m

>

2 10
 13
GeV: These bounds
suggest that improved measurements in the millimeter range could discover the superstring
dilaton.
It might prove useful to list the main conclusions of this letter:
(1) Dilaton potentials, with various realistic Weyl anomalies, possess interesting repara-
metrization symmetries. One special symmetry, Eq. (13), implies a vanishing cosmological
constant.
(2) This reparametrization invariance has a natural interpretation as a classical sym-
metry of superstrings. That this symmetry survives at low-energies is not at odds with
model-independent characteristics of string-dilaton potentials.
(3) Dimensional arguments suggest several interesting \predictions" of superstring the-
ory based on the above scenario: (i) Low-energy supersymmetry breaking, m
SUSY
' 4v.
(ii) a superstring dilaton with mass m

' 10
 12
GeV; giving rise to a new force with range
 ' 0:2 mm, and (iii) a residual cosmological constant, 
VAC
' (m

)
4
 
C
.
A scenario in which the cosmological constant problem is resolved by the coexistence
at very low energies of massless modes that nd their origin at the highest mass scale
in physics has both theoretical and observational support. Furthermore, it is dicult to
think of another coherent |and aesthetically pleasing| scenario which is consistent with
the eective theory paradigm. Could it be that reparametrization invariance, which is
believed to play a central role at the highest mass scales in physics, also has non-trivial
consequences in the far infrared?
10
I am grateful for valuable conversations with A. Kapulkin, S.B. Liao, M. Mandelberg,
B. Muller, and C. Ordo~nez. I thank M. Strickland for help with the gures.
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